We successfully synthesized 3D supramolecular structure of cyclohexylammonium tetraisothiocyanatocobaltate(II) complex, (C 6 H 11 NH 3 ) 2 [Co(NCS) 4 ], in almost a quantitative yield by using metathesis and ligand addition reactions. The new complex was characterized by various techniques such as FTIR, UV-Visible, PXRD, SXRD, and CV electrochemical analysis to investigate mainly its structure. Based on the results of these techniques, the formation of the desired complex was confirmed. The TGA for this complex indicated the utilization of 
Introduction
Recently, we reported on the synthesis and crystal structure of cyclohexylammonium thiocyanate (C 6 H 11 NH 3
, as a potential precursor for preparing new compounds [1] . Thiocyanate ion is a bidentate ligand which has several terminal and bridging coordination modes, making it capable of forming numerous useful neutral and anionic metal complexes [2] . For instance, tetraisothiocyanatocobaltate (II) anion, [Co(NCS) 4 ] 2- , has been extensively studied and used as a building block for the synthesis of 1D, 2D and 3D supramolecular structures. Furthermore, it has the ability to form weak van der Waals interactions and hydrogen bonding [3, 4, 5, 6, 7, 8, 9] . Tetraisothiocyanatocobaltate(II) anion has been used in the analytical chemistry for spectrophotometric determination of small amount of cobalt after extracting [Co(NCS) 4 ] 2- with different kinds of cations such as 2,4-dichlorobenzyltriphenylphosphonium [10] , tetramethylene-bis(triphenylphosphonium) [11] , triphenylsulphonium [12] , and brilliant green [13] . Moreover, small amount of cobalt can be determined spectrophotometrically after liquid-liquid extraction with triisooctylamine [14] or propylene carbonate [15] . In another indirect process, [Co(NCS) 4 ] 2-has been used to determine beryllium [16] , quaternary ammonium-based surfactants [17] , and diphenyliodonium [18] . In another application, [Co(NCS) 4 ] 2-has been used to prepare gel-embedded cobalt nanoparticles [19] . Thermochromism phenomenon has also been noticed in the [Co(NCS) 4 ] 2-complex on dissolving the neutral complex of cobalt isothiocyanate, Co(NCS) 2 , in the ionic liquid (1-ethyl-3-methylimidazolium) thiocyanate, where the coordination structure changed from tetrahedral [Co(NCS) 4 ] 2À at w25 C to octahedral [Co(NCS) 6 ] 4À by cooling below -40 C [20] .
Cyclohexylammonium, HCHA þ , is also a useful building block for constructing supramolecular structures with various dimensionalities via hydrogen bonding. For example, cyclohexylammonium terephthalate forms a 2D network [21] , while cyclohexylammonium salt of nitrate [22] and thiocyanate [1] form 3D networks.
Herein, we report the preparation, crystal structure, and characterization of 3D supramolecular structure of cyclohexylammonium tetraisothiocyanatocobaltate(II), (HCHA) 2 [-Co(NCS) 4 ], which was utilized as a single-source precursor, through its thermal decomposition, for the synthesis of cobalt sulfide (CoS) and tricobalt tetraoxide (Co 3 O 4 ) nanoparticles. Cobalt sulfide finds widespread applications such as electrochemical conductivity [23, 24] , electrochemical water splitting with photo anodes [25, 26] , and supercapacitors with enhanced charge capacity and stability [27, 28] . On the other hand, tricobalt tetraoxide (Co 3 O 4 ) has been reported for use in supercapacitors, magnetic semiconductors [29, 30, 31] , photocatalysis [32, 33] , carbon monoxide (CO) and hydrocarbon oxidations, and other catalysis applications [34, 35, 36, 37, 38] .
Experimental

Materials
Cyclohexylamine (98þ%, Alfa Aesar), cobalt nitrate hexahydrate (p.a, 99%, POCH), sodium thiocyanate (ACS, 98.0%, Alfa Aesar), ethanol (absolute 99.9%, Petrochem), and chloroform (analytical reagent, BDH) were commercially available and were used without further purification.
Analytical and physical techniques
The chemical composition was confirmed by CHNS elemental microanalysis using a Perkin Elmer Series II CHNS/O analyzer and by cobalt metal analysis using an Agilent 700 series inductively-coupled plasma-optical emission spectroscopy (ICP-OES). Diffuse reflectance infrared Fourier transform (DRIFT) spectra of powder samples, diluted with IR-grade potassium bromide (KBr), were recorded on a Perkin Elmer FTIR system spectrum GX in the range of 400e4000 cm
À1
. Liquid-state ultraviolet-visible (UV-Vis) absorbance spectra were recorded on a Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer. Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Advance diffractometer, operated at 40 mA and 40
kV by using CuK a radiation and a nickel filter, in the 2-theta range from 1 to 80 in steps of 0.01 , with a sampling time of 0.2 second per step. Single crystal X-ray diffraction (SXRD) was recorded on a Bruker D8 diffractometer equipped with a PHOTON100 CMOS detector operated in shutterless mode. The morphology was studied by using a field-emission scanning electron microscope (FE-SEM model:
FEI-200NNL), equipped with an energy dispersive X-ray (EDX) spectrometer for elemental analysis, and by using a high resolution transmission electron microscope 
)
This compound was prepared according to our procedure published previously [1] by salt metathesis reaction between cyclohexylammonium chloride and sodium thiocyanate. 3. Results and discussion
Elemental analysis
The results of elemental analysis as shown in Table 1 , confirmed the chemical composition of our target compound and indicated the successfulness of our synthetic procedure approach. [5, 7, 19, 20] . The spectrum also shows the characteristic vibrations for cyclohexylammonium cation,
FT-IR spectrophotometry
The strong bands at 3190-3098 cm À1 can be assigned to the stretching vibration of NH 3 þ bond of cyclohexaylammonium cation. The medium band at 2944 cm À1 with shoulder at 2907 cm À1 can be assigned to the stretching vibrations of CH 2 . The strong band at 2865 cm À1 can be attributed to the stretching vibration of CÀH bond. The strong band at 1595 cm À1 can be ascribed 3.4. X-ray diffraction
UV-Vis spectrophotometry
The crystal structure of (C 6 H 11 NH 3 ) 2 [Co(NCS) 4 ] was determined by SXRD, confirming the FTIR and UV-Vis spectroscopic results. The summary of the crystallographic data is given in Table 2 . tetrahedral. Selected data of the bond angles ( ) for cyclohexylammonium tetraisothiocyanatocobaltate(II) is presented in Table 3 (see Supplementary Material, Table   S4 for the remain bond angles). The angle between central Co 2þ ion, the nitrogen [3, 4, 5, 6, 7, 8, 9] . Furthermore, the isothiocyanate ligand is almost linear, as it is expected. However, one of the isothiocyanate ligand is disordered in its CÀS bond (Fig. 3A) . The CoÀN bond length ranges between 1.956 A and 1.964 A with an average of 1.958 A. Selected data for the bond distances ( A) for cyclohexylammonium tetraisothiocyanatocobaltate(II), are presented in Table 4 which is similar to what has been reported previously [3, 4, 5, 6, 7, 9 ] (see Supplementary Material, Table S6 for remaining bond lengths). The ChN bond length ranges between 1.127 A and 1.165 A with an average of 1.153 A (Table   4 ). This observed bond length for ChN is comparable to the reported value in literature [3, 4, 5, 6, 7, 9] . The bond length of CÀS in the range of 1.625e1.643 A with an average of 1.631 A, which is in agreement with the previously reported value [3, 4, 5, 6, 7, 9] . The cyclohexylammonium counterion (containing N4, C8, C9, C10, and C11 atoms) is highly disordered, as reflected by the large deviation of most of its angles from 109.5 , while the other cyclohexylammonium counterion (containing N5, C4, C5, C6, and C7 atoms) has its angles close to 109.5 except those angles between the disordered ammonium protons (Fig. 3A, and Table 3 ). The observed disorder in cyclohexylammonium counterions in the structure of (HCHA) 2 [Co(NCS) 4 ] was not detected in the structures of cyclohexylammonium thiocynate [1] and nitrate [22] . The length of the bonds in both of cyclohexylammonium counterions are close to those reported for cyclohexylammonium in its salt with thiocyanate [1] and nitrate [22] .
These disordered features, in (HCHA) 2 [Co(NCS) 4 ], imply that the crystal itself is inherently disordered with some cyclohexylammonium counterions arranged in the "upward" position in some unit cells and "downward" in other unit cells, giving on average the observed disorder of cyclohexylammonium; and with three of the thiocyanate ligands are ordered, while the fourth is disordered. The ordered ones are held in place by hydrogen bonds (shown in cyan dashed lines in Fig. 3 ) with the cyclohexylammonium counterions (Table 5) , while the fourth does not have Fig. 3(C) 
PXRD of (HCHA) 2 [Co(NCS) 4 ]
Simulation of the PXRD was conducted as a reference standard for the good match between the theoretically predicted and experimentally determined structures. However, there was no good match between the simulated and measured PXRD patterns, as shown in Fig. 4 . We guess the big differences between them could be due to the inherent weak diffraction of XRD by (HCHA) 2 [Co(NCS) 4 ] even after collecting the diffraction over a period of seven hours (the experimental pattern shown in Fig. 4 ). In addition, the disorder observed in the SXRD and grinding the complex to powder might be responsible for the observed differences between the simulated and measured PXRD patterns. is irreversible and is probably due to oxygen evolution reaction in the aqueous medium. When CV of (C 6 H 11 NH 3 ) 2 [Co(NCS) 4 ] complex was carried out, it clearly showed a strong quasi-reversible redox couple with anodic peak at 1.40 V and cathodic peak appearing at 0.83 V (vs. Ag/AgCl/3M KCl). These anodic and cathodic peaks correspond to Co(II) and Co(III) redox couple. The peak separation of 0.58 V also confirmed 1-electron transfer process during the CV experiment. No other Co-species were detected [41] .
Electrochemical characteristics
Thermogravimetric analysis (TGA)
TGA is widely used for the thermal characterization of different materials [42, 43] . (Fig. 7) .
Under helium atmosphere, the thermal decomposition of the complex appeared to be faster than its thermal decomposition under air atmosphere. The complex, under helium atmosphere, started to decompose thermally at w67 C, which after it lost the two cyclohexylammonium counterions at w252 C, corresponding to a loss of w41%. The complex afterwards lost two of its isothiocyante ligands at 310 C, after which it completed its decomposition to cobalt sulfide (CoS) at w 605 C, corresponding to a loss of w81.5% (calculated remaining weight for CoS ¼ 18.5 %;
actual remaining weight ¼ 18.52 %). No more weight loss was observed after the complete conversion of cobalt sulfide, which its formation was confirmed by PXRD analysis (Fig. 7) . to the characteristic peaks (100), (101), (102), (110) and (202), respectively. The low intensities of the assigned peaks showed good crystallinity. Our pattern showed comparable result with the previous investigation performed by Qingsheng and his coworkers [42] .
On the other hand, Fig. 7B [44, 45] . The more revealed accurate images from Fig. 8E and F show particles with an average particle size of approximately 10 nm. Moreover, the aggregation phenomenon observed by TEM technique in Fig. 8 (E) correlates with the SEM observation, which may be attributed to the higher surface energy of the particles.
The SEM micrographs show aggregates of Co 3 O 4 ( Fig. 9A and B) . For more assessment on the Co 3 O 4 morphology and shape, TEM images ( Fig. 9C and D) show 
Conclusion
In summary, we have reported the preparation of a novel 3D, supramolecular structure of cyclohexylammonium tetraisothiocyanatocobaltate(II), (C 6 H 11 NH 3 ) 2 [Co(NCS) 4 ], with orthorhombic crystal system in a yield of w100%. The formation of this complex was proved by FT-IR, UV-Vis, CV, and SXRD techniques. We have attempted to prove that our prepared new complex acted as single-source precursor for the synthesis of CoS and Co 3 O 4 nanoparticles, two important classes of materials, via the readily thermal decomposition under helium and air, respectively.
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